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Abstract
In recent years our understanding of double strand break repair and homologous 
recombination in Schizosaccharomyces pombe has increased significantly, and the 
identification of novel pathways and genes with homologues in higher eukaryotes has 
increased its value as a model organisms for double strand break repair. We will review 
the S. pombe literature on double strand break repair, mainly focussing on homologous 
recombination in mitotic cells.
Double strand break repair and homologous recombination in 
Schizosaccharomyces pombe
Introduction
Double strand break (DSB) repair and homologous (HR) recombination are not only 
essential for the maintenance of genome stability and therefore survival and the 
prevention of cancer, but also for processes that depend on recombining genetic 
information, like meiotic recombination and the creation of antibody variation. The 
study of DSB repair and HR in the yeast Saccharomyces cerevisiae has provided the 
basis of our current understanding of these processes in other eukaryotes. The study of 
these mechanisms in the distantly related yeast Schizosaccharomyces pombe has 
unearthed many similarities. More interestingly, it has also led to many new insights that 
contribute to our understanding of DSB repair and HR and the identification of 
homologous proteins that are involved in these processes in higher eukaryotes. In this 
review we will give an overview of the literature on DSB repair in S. pombe, mainly 
focussing on HR in mitotic cells. 
Occurrence of DNA double strand breaks
The repair of DNA damage is essential for the survival of an organism. DNA damage 
comes in different forms, and includes base damage, inter and intra strand DNA cross 
links and single and double strand DNA breaks. DNA double strand breaks (DSBs) are 
especially detrimental to the cell, as they can lead to the loss of large chromosomal 
fragments distal from the break site, resulting in loss of heterozygosity (often associated 
with cancer) and cell death.
It has been estimated that human cells suffer approximately 10 spontaneous DSBs per 
cell cycle, most of which are thought to arise during DNA replication, when the 
replication fork encounters a single strand DNA break (reviewed in [35]). A spontaneous 
DSB may also arise through the (abortive) action of topoisomerase II, which can change 
DNA topology and decatenate DNA through a DSB creation and rejoining mechanism. 
Ionising radiation causes a wide spectrum of DNA damage, among which are single 
strand breaks (SSBs), DSBs, and damage to the base and sugar groups of the DNA. 
Many DNA damaging agents result in indirect DSB formation: excision repair pathways 
remove damaged base pairs, resulting in a SSB which can be transformed into a DSB 
when encountered by a replication fork. When two damaged base pairs are formed in 
close proximity on opposite DNA strands, excision repair might lead to DSB formation. 
Although DSBs are often considered by the cell as DNA damage that needs to be 
repaired, they are also essential intermediates for important cellular processes that 
involve recombination of the DNA. Meiotic recombination contributes to genetic 
diversity of the offspring and is initiated when Spo11, a topoisomerase-like enzyme, 
creates a DSB. This DSB is subsequently repaired by homologous recombination (see 
below). Other examples of DSB mediated recombination reactions are V(D)J 
recombination, which is important for establishing the variable region of antigen 
receptor genes (for review see [39], and class switch recombination, which is 
responsible for the creation of IgG, IgA and IgE antibody isotypes (reviewed in [11]).
Repair of double strand breaks
Failure to repair a DSB or imprecise repair can lead to cell death and cancer. To protect 
cells and organisms from these deleterious consequences, several efficient repair 
pathways have evolved. DSB repair pathways can employ two general strategies to 
repair a DSB. The first strategy is to join the two ends of a DSB together. This leads to 
correct repair when DSB formation is not associated with base pair loss. However, a 
large fraction of DSBs is associated with the loss of one or more base pairs, and in these 
cases joining the ends together leads to deletions and loss of genetic information. End 
joining repair pathways are therefore often error prone. Examples of end joining 
pathways are non homologous end joining (NHEJ) and single strand annealing (SSA). 
These pathways will be discussed in more detail below.
A second strategy for DSB repair is to invade a homologous intact DNA strand (sister 
chromatid or homologous chromosome) and use this as a template to copy the DNA 
sequence that has been interrupted by the DSB. This strategy often leads to error free 
repair of a DSB. Pathways that use this mode of repair are classified as homologous 
recombination (HR). The different HR pathways have in common that they all use 
strand invasion to copy the missing information, but they differ in how the intermediate 
structure formed after strand invasion is resolved. Different HR pathways will be 
discussed below.
Early double strand break repair repair events: the Mre11 Rad50 Nbs1 complex
The MRN complex, composed of Mre11 (Rad32 in S. pombe), Rad50 and Nbs1 (Xrs2 
in S. cerevisiae), is a highly conserved heterotrimeric complex involved in the early 
response to DNA damage. The complex has been implicated in DSB recognition, NHEJ, 
HR, telomere maintenance and activation of the DNA damage checkpoint, which delays 
the cell cycle to allow repair. Deletions of MRN components are lethal in higher 
eukaryotes, whereas point mutations have been associated with disorders that predispose 
multicellular organisms to genome instability and cancer. The MRN complex has been 
extensively characterised in S. cerevisiae and higher eukaryotes (for reviews see [6, 
45]). Mre11 displays both 3' to 5' exonuclease and endonuclease activities, and it is 
believed that these activities are important for the processing of DSB ends. The polarity 
of the exonuclease activity suggests that Mre11 is not directly responsible for the 
creation of 3' overhangs, and it has been suggested that another nuclease activity might 
be responsible for 5' to 3' DSB end resection (see also below). Rad50 shows similarity 
to SMC proteins, it consists of an N-terminal Walker A and C-terminal Walker B motif, 
separated by a long coiled coil region. It is thought that Rad50 folds back onto itself, 
allowing the Walker A and B motifs to form a globular ABC ATPase domain. The coiled 
coil region that connects the two domains forms an apex containing the Cys-X-X-Cys 
domain. Two of these domains can form a zinc hook, allowing Rad50 to form 
intermolecular dimers. Nbs1 is the least conserved member of the MRN complex. It can 
recruit the MRN complex to the DSB site through interaction of its FHA and BRCT 
domains with γ-H2AX. Nbs1 is a substrate of ATM, and in S. cerevisiae the Nbs1 
homologue Xrs2 has been shown to interact with the ATM homologue Tel1 [61], 
suggesting that Nbs1 provides a link between the MRN complex and the checkpoint 
machinery (reviewed in [6, 45]).
The MRN complex has been conserved in S. pombe. The mre11 homologue rad32 has 
originally been identified as a radiation sensitive mutant and was cloned by 
complementation [84]. S. pombe Rad50 was identified using degenerate PCR based on 
existing homologies between the S. cerevisiae, C. elegans and human rad50 
homologues [36]. S. pombe Nbs1 was independently identified in a screen for mutants 
that are synthetically lethal with rad2Δ and MMS sensitive [90] and by an in silico 
based approach [17]. Both Rad50 and Nbs1 were shown to interact with Rad32 [86, 90, 
17]. Insofar assessed, deletions of rad32, rad50 and nbs1 show similar phenotypes, they 
result in slow growth, sensitivity to DNA damaging agents and reduced telomere length 
(see below). Whereas the MRN complex is needed in S. cerevisiae to promote NHEJ, S. 
pombe rad50Δ and rad32Δ deletions show no NHEJ defect in a plasmid based assay 
[51]. In rad50Δ cells, the recombination frequency between the homologous 
chromosomes is increased at the cost of recombination between the sister chromatids. 
Rad50, which shows similarity to SMC proteins (which are involved in sister chromatid 
cohesion), acts together with Rad21, the S. pombe homologue of the Scc1 cohesin 
protein, in the repair of MMS induced DNA damage, and it was proposed that Rad50 
interacts with the cohesin complex to stimulate the use of the sister chromatid as a repair 
template for HR [36]. Two studies have reported that S. pombe rad32Δ and rad50Δ cells 
are not defective for the S-phase DNA damage checkpoint (MMS and HU) when cells 
are synchronised using nitrogen starvation [36, 52]. In a different study where cells were 
synchronised either by cdc10 arrest or by elutriation, it was found that both rad32Δ and 
rad50Δ were deficient for the S-phase DNA damage checkpoint in MMS treated cells, 
but did not show a defect for the G2 DNA damage checkpoint [17]. A link between the 
MRN complex and the DNA damage response has also recently been illustrated by the 
observation that the C-terminal region of Nbs1 interacts with Tel1, which is essential for 
the phosphorylation of histone H2A by Tel1 [102].
Several lines of evidence suggest that the nuclease activity of the MRN complex is 
important for the processing of "dirty" DSB ends. Meiotic DSBs are created by a 
topoisomerase-like enzyme called Spo11 (Rec12 in S. pombe) which remains covalently 
linked to the DSB end and needs to be removed before recombinational repair is 
initiated. It remains unknown which activity is responsible for this removal in S. 
cerevisiae, but the fact that rad50S mutants are unable to remove covalently bound 
Spo11 implicates the involvement of the MRN complex (reviewed in [45]. Connelly et 
al. [19] showed that the bacterial SbcCD complex, the prokaryotic homologue of 
Rad50/Mre11, is able to remove covalently bound protein from DNA ends in vitro. S. 
pombe rad50S mutants are also unable to repair meiotic DSBs [103] and we have 
recently shown that Rec12 remains covalently linked to the DNA in rad50S and in a 
rad32 nuclease dead mutant, suggesting that the (endo)nuclease activity of the MRN 
complex is directly responsible for Rec12 removal (Hartsuiker and Carr, unpublished 
observations). Farah et al. [26, 27] have shown that a 160 bp palindrome is a hotspot for 
both mitotic and meiotic recombination and that the hotspot activity is abolished in 
rad50S and a nuclease dead rad32 mutation. In meiosis, palindrome recombination was 
accompanied by an early DSB (at the time of DNA replication), which was absent in 
rad50S, suggesting that the MRN complex is required for palindrome cleavage (during 
replication) and recombination [27]. 
Non Homologous End Joining
NHEJ, first discovered in mammalian cells, joins two DNA ends together without the 
need for extensive homology. NHEJ is initiated when the Ku70/80 heterodimer, which 
forms a ring structure, binds to the DSB ends. Once Ku70/80 is associated with the 
DNA ends, it forms the DNA-dependent protein kinase complex (DNA-PK) by 
recruiting the catalytic subunit DNA-PKcs. Upon binding with DNA-PKcs, Ku70/80 
moves inwards onto the DNA. The assembled DNA-PK complex can now recruit the 
ligase IV/XRCC4 complex, which ligates the two DNA ends. A fraction of DSBs 
contains ends that are not ligatable, and need processing before they can be repaired. 
Artemis is one of the proteins that plays a role in DSB end processing, it physically 
interacts with DNA-PKcs and contains exonuclease as well as endonuclease activities. 
For more extensive reviews of NHEJ in higher eukaryotes see [96, 37]. Recently a new 
NHEJ factor has been identified which interacts with XRCC4, called Xlf1 (or 
Cernunnos). Xlf1 displays weak sequence homology with and shows structural 
similarity to XRCC4 ([4, 12]. The NHEJ pathway has been conserved in S. cerevisiae 
where Ku70, Ku80, Ligase IV and XRCC4 homologues have been identified. No DNA-
PKcs or Artemis [10] homologues have been found (for review see [25]). 
NHEJ activity was detected in S. pombe using a linearised-plasmid rejoining assay [32]. 
The core NHEJ factors Ku70 (Pku70), Ku80 (Pku80) and Ligase IV (Lig4) have been 
conserved in S. pombe, but no clear DNA-PKcs and XRCC4 homologues have been 
identified. Using an in vivo plasmid based NHEJ assay, Baumann et al. [7] and Manolis 
et al. [51] found that NHEJ efficiency was reduced between 100 and 1000 fold in pku70 
and lig4 deletions. Whereas it has been shown in S. cerevisiae that the 
Mre11/Rad50/Nbs1 complex is involved in NHEJ (reviewed in [25]), S. pombe rad50Δ 
and rad32Δ show no defect in NHEJ [51]. Xlf1 has been conserved in S. pombe [13] 
and analysis of a deletion mutant shows that it is involved in NHEJ (Hentges and 
Doherty, personal communication).
Homologous recombination
Homologous recombination can be accomplished by different pathways, that have in 
common that a DSB is repaired using a homologous DNA template (often on a sister 
chromatid or homologous chromosome) from which the missing sequence is copied. HR 
is generally error free. In this review we will limit ourselves to a short overview of these 
pathways (which are covered in more depth in [69, 45] and concentrate on discussing 
some of the data relevant to our understanding of HR in S. pombe. 
DSB repair through HR starts with the nucleolytic resection of the DNA ends to form 3' 
single stranded overhangs that are able to invade a homologous DNA strand and serve 
as a primer for copy synthesis. In the Double Strand Break Repair (DSBR) model 
proposed by Szostak et al. [82], this strand invasion leads to displacement and D-loop 
formation, leading to capture of the second 3' overhang and formation of a double 
Holliday junction. Resolution of this Holliday junction results in a gene conversion with 
or without associated crossovers. To explain the low number of associated crossovers in 
non-meiotic cells, the Synthesis Dependent Strand Annealing (SDSA) model was 
proposed. In this model, DSB repair is also initiated by strand invasion, but after copy 
synthesis, the newly synthesized strand is displaced from the template and returned to 
the broken DNA molecule, resulting in repair of the break without associated crossover 
(for review see [69].
The MRN complex has been implicated in the resection of the DSB ends to form the 
single strand overhangs (see above). However, Mre11 contains 3' to 5' exonuclease 
activity, whereas DSB ends are resected from 5' to 3'. It therefore seems likely that 
another exonuclease is responsible for resection. A deletion of S. pombe exo1 [81] is not 
sensitive to ionising radiation, suggesting that it is not the only exonuclease responsible 
for DSB end resection. However, the double mutant exo1Δ rad50Δ is significantly more 
sensitive than either single mutant, suggesting that Exo1 can resect DSB ends 
independently of Rad50 [86]. The identity of the main (MRN dependent?) 5' to 3' 
exonuclease responsible for DSB end resection remains unknown. Alternatively, it has 
been proposed that the Mre11 endonuclease activity in concert with a helicase is 
responsible for 5' to 3' resection [45].
The single strand DNA overhangs are subsequently coated with the heterotrimeric single 
strand binding protein RPA, which is thought to assist in the removal of secondary 
structures before the loading of Rad51 [45]. In S. pombe, rad11 has been identified as 
the homologue of the large subunit of RPA. A deletion of the gene is lethal, whereas a 
temperature sensitive point mutation (rad11-404) shows sensitivity to DNA damaging 
agents [70].
Central to all HR pathways is the strand exchange reaction catalysed by Rad51, which is 
a homologue of the bacterial RecA protein. These proteins are able to bind to the single 
strand DNA overhangs forming a nucleoprotein filament and promote strand exchange. 
Rad51 has been conserved in S. pombe, (called Rhp51) and is extremely sensitive to 
ionising radiation when deleted [75, 57, 38]. Rhp51 has been shown to bind single 
stranded DNA forming a nucleoprotein filament, exhibit DNA-stimulated ATPase 
activity and promote strand exchange reactions with homologous duplex DNA [72].
RPA has a high affinity to ssDNA, and therefore competes with and prevents binding of 
Rad51. Recombination mediator proteins (reviewed in [79]) assist Rad51 in overcoming 
the RPA inhibition and binding to the ssDNA. One of these mediator proteins is Rad52, 
which interacts with Rad51. Loading of the Rad52-Rad51 complex on the ssDNA 
nucleates the formation of the Rad51 nucleoprotein filament. Another group of 
recombination mediator proteins are formed by the Rad55/Rad57 proteins (in S. 
cerevisiae) and the Rad51 paralogues in mammalian cells (reviewed in [85]). They have 
in common that they show weak homology to Rad51 and show affinity to ssDNA. They 
are also thought to mediate Rad51 binding to the ssDNA overhangs [79]. Another 
protein that is thought to facilitate binding of Rad51 to ssDNA is Rad54, a member of 
the Swi2/Snf2 chromatin remodelling protein family [45]. 
In S. pombe two Rad52 homologues have been identified. Rad22, which is involved in 
both mating type switching and DNA repair [73], shows significant homology with S. 
cerevisiae Rad52 [68]. A rad22 deletion is sensitive to ionising radiation [59]. 
Discrepancies in the level of sensitivity of rad22Δ between different publications (e.g 
see [59, 36, 24]) can be explained by the presence of a suppressor mutation [67]. The 
Rad22 protein was found to bind to DNA double strand breaks [43]. The second Rad52 
homologue, Rti1, was isolated as a multicopy suppressor of the rad22-H6 mutant [80] 
and was also identified on the basis of its sequence homology with rad22 (also called 
rad22B [91]). An rti1 deletion is only very slightly sensitive to DNA damaging agents, 
and slightly exacerbates the rad22Δ sensitivity. Both Rad22 and Rti1 have been found to 
interact with each other and with Rhp51 and Rpa [89, 43, 92]. S. pombe also contains a 
Rad54 homologue, called Rhp54, which interacts with Rhp51 and is sensitive to 
ionising radiation as well as to UV when deleted [58, 89]. 
Several recombination mediator proteins which show homology to Rad51 have been 
identified in S. pombe. The Rad55 homologue Rhp55 was identified on the basis of 
sequence homology. An rhp55 deletion is highly sensitive against DNA damaging 
agents. Double mutant analysis suggested that rhp55 acts in a pathway with rhp51 and 
rhp54, but is in a different epistasis group than rad22 for the repair of DNA damage 
[40]. Rhp57, homologous to Rad57 (S. cerevisiae) and XRCC3 (vertebrates), has been 
identified through complementation of a mutant that showed hypersensitivity to MMS 
and was synthetically lethal with rad2Δ (the S. pombe rad27/FEN1 homologue). The 
phenotypes of an rhp57 deletion are very similar to those of rhp55Δ [88]. Rhp55 and 
Rhp57 were found to strongly interact with each other. Two more Rad51-like proteins 
have been identified in S. pombe: Rlp1, which shows homology to the mammalian 
Rad51 paralogue XRCC2 [41], and the recently identified Rdl1, similar to the 
mammalian Rad51 paralogue Rad51D [53]. An rlp1 deletion is mildly sensitive to 
MMS, ionising radiation and camptothecin, but not to UV. Rlp1 interacts weakly with 
Rhp57 in a two hybrid assay [41]. Rdl1 was found to interact with Sws1, which 
interacts with the Srs2 helicase (see below). Rdl1 also interacts with Rlp1 and the 
sensitivity of rdl1Δ to DNA damaging agents mimics that of rlp1Δ [53]. 
S. pombe Swi5 is involved in both mating type switching and HR [73]. Akamatsu et al. 
[5] found that Swi5 is conserved in higher eukaryotes and functions in Rhp51 dependent 
repair, but acts independently of Rhp57. They proposed that Swi5 and Rhp57 function 
in two parallel Rhp51 dependent sub pathways. Using Swi5 as a bait in a two hybrid 
assay, they identified Swi2, which in turn was found to interact with Swi5, Rhp51 and 
Swi6. Whereas the Rhp51/Swi2/Swi5/Swi6 complex probably plays a specific role in S. 
pombe mating type switching, Akamatsu et al [5] also identified a protein complex 
containing Rhp51, Swi5 and Sfr1, a protein which shows homology to and replaces 
Swi2. This complex is specifically involved in Swi5/Rhp51 mediated DNA repair. 
Regulation of homologous recombination: preventing deleterious recombination 
outcomes
Whereas in meiosis crossovers (reciprocal recombination) between homologous 
chromosomes are essential to generate recombination and therefore increase genetic 
diversity of the offspring, in mitotic cells crossovers are often not beneficial to the cell. 
Crossovers between homologous DNA sequences that map to different positions on 
sister chromatids, homologous or even non-homologous chromosomes (ectopic 
recombination) can lead to abnormal chromosomal rearrangements. Also, a crossover 
between two homologous chromosomes in a mitotic G2 cell (when each chromosome 
consists of two sister chromatids) leads to loss of heterozygosity of the genes distal to 
the crossover point. Both chromosomal rearrangements and loss of heterozygosity can 
lead to cell death and cancer. For these reasons, reciprocal recombination (crossovers) is 
prevalent in meiotic cells, whereas mitotic cells prefer non-reciprocal recombination 
(gene conversion without associated crossover). Using artificially dispersed copies of 
the ade6 gene [93] it was found that in meiotic S. pombe cells approximately 24 % of 
ectopic recombination is associated with a crossover, whereas in mitotic cells this was 
reduced to approximately 4 % [94].
In the Szostak et al. [82] DSBR model, crossovers are formed through resolution of 
double Holliday junctions. Cells can prevent crossovers by preventing HR and the 
formation of Holliday junctions (as in the SDSA model, see [69] for review) or by 
resolving Holliday junctions in such a way that they don't result in crossovers. In recent 
years several proteins and pathways have been identified that are involved in the 
regulation of HR and associated crossover formation in S. pombe.
S. pombe Mus81, which interacts with Eme1, is an XPF-like endonuclease that has been 
found to interact with Cds1 and promotes crossover formation in meiosis. A mus81 
deletion is sensitive to UV irradiation, but only mildly sensitive to γ-irradiation. Mus81 
is essential for survival of rqh1Δ cells. A mus81 deletion shows a strongly reduced 
meiotic spore viability and crossover frequency, whereas gene conversion is not reduced 
[8, 9, 66, 76]. Based on these phenotypes, it was proposed that Mus81-Eme1 is 
responsible for Holliday junction resolution, a hypothesis which was supported by the 
rescue of the meiotic defects by overexpression of RusA, a bacterial Holliday junction 
resolvase, and the ability of the Mus81-Eme1 complex to cleave Holliday junctions in 
vitro [9]. However, as in S. cerevisiae meiotic spore viability was not dramatically 
reduced in mus81Δ, and (intact) Holliday junctions are a relatively poor substrate for 
Mus81-Eme1, alternative roles for Mus81-Eme1 have been proposed [22, 31] and 
references cited therein). Gaillard et al. [31] provided evidence that nicked Holliday 
junctions are efficiently resolved by Mus81-Eme1, but the activity that creates the first 
nick in the Holliday junction remains elusive. Osman et al. [66] proposed an alternative 
mechanism by which Mus81-Eme1 cleaves a junction that is formed in the transition 
from DSB to double Holliday junction, which results in the formation of a crossover 
without double Holliday junction formation (also reviewed in [98]. It has also been 
proposed that Mus81-Eme1 acts on stalled replication forks. Doe et al. [22] show that 
mus81Δ is hypersensitive to agents that cause replication fork stalling, and that this 
sensitivity is rescued by the overexpression of RusA. Also the inviability of a rqh1Δ 
mus81Δ double mutants is rescued by the overexpression of RusA. Mus81-Eme1 
efficiently cleaves substrates resembling (stalled and reversed) replication forks in vitro 
[22, 97]. 
One of the proteins that is thought to be involved in preventing crossovers through 
alternative resolution of double Holliday junctions in S. pombe is Rqh1, which is a 
helicase and homologous to E. coli RecQ and the RecQ homologue family in humans, 
mutations of which have been associated with increased genomic instability. Rqh1 
shows the highest similarity to BLM [78, 60]. BLM patients show an increase of sister 
chromatid exchange. BLM interacts with Rad51, RPA and Top3 and it has been 
proposed that the BLM helicase plays a role in the resolution of double Holliday 
junctions by stimulating reverse branch migration coupled to Top3 dependent resolution 
of the resulting hemi-catenane, avoiding formation of crossover products (reviewed in 
[18]. Data obtained in S. pombe are largely compatible with this model. S. pombe rqh1Δ 
cells are unable to recover from hydroxyurea (HU) induced S-phase arrest and show 
strongly increased levels of recombination after HU treatment [78]. Rqh1 has been 
implicated in a UV damage tolerance pathway together with Rhp51, probably 
functioning in recombination dependent bypass of UV damage during replication [60]. 
S. pombe Rqh1 displays helicase activity and forms a complex with Top3 [47, 1, 2]. A 
top3 deletion is inviable, but viability is rescued by concomitant loss of rqh1 [33, 49] or 
loss of recombination functions [63, 47]. These data are in agreement with the notion 
that Rqh1 creates a recombination intermediate that causes lethality in the absence of 
Top3 [33]. Overexpression of a bacterial Holliday junction resolvase partially rescues 
rqh1Δ phenotypes, suggesting that Rqh1 is involved in the non-recombinogenic 
resolution of Holliday junctions [21]. The terminal phenotype of a top3 shut off strain 
shows an accumulation of aberrant DNA structures (intertwined chromosomes) in S-
phase and subsequent aberrant mitosis [100]. rqh1Δ cells are delayed in anaphase 
progression and show lagging chromosomal DNA [101]. Using a system that induces 
replication fork blockage in between two direct repeats (the ade6-L469 and ade6-M375 
alleles; see below), Ahn et al. [3] showed that deletion of rqh1 leads to a pronounced 
increase of recombination, associated with the detection of a one-sided DSB at or near 
the replication fork barrier, suggesting that Rqh1 prevents the collapse of blocked 
replication forks.
Srs2 is another helicase that has been implicated in anti-recombination pathways. In S. 
cerevisiae, Srs2 interacts with Rad51 and is able to displace Rad51 from the ssDNA, 
and it is believed that this activity is responsible for its anti-recombinogenic function 
(reviewed in [48]. In S. pombe, cells deleted for srs2 display a mild sensitivity to DNA 
damaging agents, whereas spontaneous recombination rates were increased compared to 
WT [95, 23]. An srs2 deletion shows complicated genetic interactions with mutants 
involved in HR. An srs2Δ rhp54Δ double mutant is synthetic lethal and this lethality is 
rescued by the concomitant deletion of rhp51. This result, and other genetic data not 
discussed here, is consistent with the idea that Srs2 removes Rhp51 from the 
nucleoprotein filament [50, 23]. Simultaneous deletion of both srs2 and rqh1 results  in 
a dramatic growth defect [95, 50, 23]. Whereas Wang et al. [95] originally reported that 
this growth defect was not rescued by concomitant deletion of rhp51, both Maftahi et al. 
[50] and Doe and Whitby [23] reported that rhp51Δ, as well as as rhp55Δ/rhp57Δ, 
rescues the slow growth phenotype of the srs2Δ rqh1Δ double mutant. Recently, Srs2 
was found to interact with Sws1 in a two hybrid screen. Sws1 in turn interacts with the 
Rad51-like proteins Rlp1 and Rdl1 (see above). Deletion of sws1 as well as rlp1Δ and 
rdl1Δ suppresses various rqh1Δ and srs2Δ phenotypes, suggesting that the 
Sws1/Rlp1/Rdl1 complex, which is conserved in humans, is pro-recombinogenic [53]. 
Recently, an additional anti-recombinogenic helicase, Fbh1, was identified in S. pombe 
which seems to counteract the role of the Rad22 and Rhp55/Rhp57 mediator proteins 
and shows similarity to Srs2. Fbh1 was independently identified as a suppressor of 
rad22Δ [67] and in a screen for mutants which are MMS sensitive and synthetic lethal 
with rad2Δ [56]. An fbh1 deletion is sensitive to DNA damaging agents and is epistatic 
with rhp51Δ for DNA repair. fbh1Δ is synthetically lethal with rqh1Δ and shows a 
synthetic growth defect with srs2Δ. These phenotypes are rescued by the concomitant 
deletion of rhp51, rhp55 or rhp57 [67, 56]. Fbh1 co-localises with Rhp51 after DNA 
damage [67]. Suppression of rad22Δ slow growth and sensitivity to DNA damaging 
agents depends on the presence of Rhp51, suggesting that Fbh1 inhibits the action of 
Rhp51 in the absence of Rad22 [67].
The role of homologous recombination in meiosis
HR is not only involved in the repair of DSBs in vegetative cells, but is also responsible 
for meiotic recombination, which is initiated when Spo11 creates a meiosis specific 
DSB. The detailed study of meiosis in S. cerevisiae has made an important impact on 
our current understanding of DSB repair by HR. Also in S. pombe meiotic 
recombination is initiated by meiotic DSBs that are dependent on the Spo11 homologue 
Rec12 [16, 103, 77]. Proteins involved in HR in vegetative S. pombe cells have also 
been implicated in meiotic recombination. 
Maybe surprisingly, deletions of rhp51, rad22 and rhp54, which are largely defective 
for HR in mitotic cells, show only a mild impact on meiotic recombination. This is due 
to the existence of meiosis specific homologues of these genes, deletions of which have 
little or no effect on the sensitivity to DNA damaging agents in mitotic cells. Deletion of 
rhp51 shows only a relatively mild reduction in meiotic recombination [59, 34] whereas 
concomitant deletion of dmc1, the meiosis specific rhp51 homologue, shows a several 
hundred fold reduction [30, 34]. A similar relation is observed between rhp54Δ and 
rdh54Δ, the meiosis specific rhp54 homologue [59, 15]. Also a rad22 deletion does not 
show a reduction in meiotic recombination [59]. The rad22 homologue rti1 shows a 
mild reduction of meiotic recombination when deleted. Although spore viability in the 
rad22Δ rti1Δ double mutant its strongly reduced, meiotic recombination does not seem 
to be affected. However, Rti1 expression is strongly induced during meiosis suggesting 
it might have a specialised meiotic function [91, 92]. 
Deletions of rhp55 and rhp57 show a mild reduction in meiotic recombination, similar 
to that of the double mutant. Combination of rhp51Δ with either rhp55Δ, rhp57Δ or the 
rhp55Δ rhp57Δ double mutant does not reduce the meiotic recombination frequency 
below rhp51Δ levels, suggesting that they function in the same pathway. An rlp1 
deletion decreases the meiotic crossover frequency, but increases meiotic gene 
conversion [34].
The role of homologous recombination in replication
HR has been implicated in the bypass of replication fork barriers and restart of the 
replication fork  [54]. Also in S. pombe, the mutation of genes involved in HR often 
leads to problems in DNA replication (e.g. see [58, 40, 36]. Using two dimensional gel 
electrophoresis, Segurado et al. [74] showed that DNA replication in S. pombe is 
associated with structures that probably represent joint DNA molecules or Holliday 
junctions. These structures were absent in rad22Δ, rhp51Δ and rhp54Δ. These results 
suggest that recombination intermediates are commonly associated with DNA 
replication in S. pombe. Two recent studies used the Replication Termination Sequence 
RTS1, which is normally found in the mating type region, as a replication fork barrier. 
Lambert et al. [46] integrated RTS1 on either side of ura4, and confirmed with two 
dimensional gels that this induces replication fork stalling. Upon fork stalling, 
recombination mutants (rad50Δ and rhp51Δ) but not checkpoint mutants display a slow 
growth phenotype and lose viability. Fork stalling also induces Rhp51 and Rad22 foci 
formation and Rad22 association (detected using chromatin IP) with the region of fork 
collapse and results in an increase in recombination and gross chromosomal 
rearrangements. Using a system where RTS1 is integrated in between two direct repeats 
(the ade6-L469 and ade6-M375 alleles), Ahn et al. [3] also found that replication fork 
blockage results in an increase in rhp51 and rad22 dependent recombination between 
the repeats.  
Double strand break repair and telomere length maintenance
Telomeres protect the DNA at the end of the chromosomes. A common perception is 
that DSB repair mechanisms need to be repressed at the telomeres to prevent 
inappropriate chromosome fusions and recombination. It might therefore seem 
paradoxical that several studies have implicated both NHEJ and HR to be involved in 
telomere maintenance in a wide range of organisms.
In S. pombe, both NHEJ and HR have been shown to play a role in survival and 
alternative telomere maintenance in cells that are deleted for proteins involved in 
telomere maintenance/elongation and protection. Deletion of the S. pombe telomere 
reverse transcriptase Trt1, the catalytic subunit of the telomerase which is responsible 
for telomere elongation, leads to a complete loss of telomeric DNA and viability. 
However, a proportion of cells can survive through two different mechanisms. On 
plates, a small subpopulation of cells circularise their chromosomes [62]. A trt1Δ 
pku70Δ double mutant is still able to circularise its chromosomes, but shows an increase 
in telomere degradation, suggesting that Pku70 is not necessary for circularisation, but 
protects the telomeres (in trtΔ cells) against degradation, possibly by preventing access 
of nucleases to the telomeres [7]. In liquid culture trtΔ cells can survive through an 
alternative lengthening pathway, maintaining linear chromosomes [62]. In a trtΔ rad22Δ 
strain, survivors circularise their chromosomes, suggesting that the maintenance of 
linear chromosomes in trt1Δ cells is dependent on recombination. Another protein that 
is important for telomere maintenance is the Myb domain containing protein Taz1. In 
taz1Δ strains, the telomeres are dramatically elongated [20]. When taz1Δ cells are 
starved for nitrogen (which arrests cells in G1 and promotes NHEJ) they loose viability 
and show an increase of telomeric chromosome fusions, which are dependent on the 
presence of Ku70 and Lig4 [28].
Whereas these studies show that NHEJ and HR are involved in telomere  metabolism in 
cells that are deleted for the telomere maintenance proteins Trt1 and Taz1, NHEJ and 
HR have also been implicated in telomere maintenance in cells that are WT for these 
proteins. Deletion of pku70 in S. pombe leads to shortened telomeres [7, 51] and 
rearrangements of telomere associated  sequences [7]. These rearrangements were not 
observed in a pku70Δ rad22Δ double mutant [7] or in pku80Δ rhp51Δ [42]. In pku80 
deleted cells Rhp51 is found at the telomeres using chromatin IP [42]. These data 
suggest that the Pku70/Pku80 complex prevents Rhp51 from loading and thus prevents 
(inappropriate) recombination at the telomeres. 
Tomita et al. [86] found that taz1Δ cells contain extensive 3' G-rich strand overhangs, 
and that taz1Δ rad50Δ and taz1Δ rad32Δ double mutants lack this G-rich strand 
overhang. As the telomere length in these double mutants was not affected compared to 
the taz1Δ single mutant, they concluded that the MRN complex was unlikely to be 
involved in elongation of the G-rich strand but is probably responsible for degradation 
of the C-rich strand. In a taz1Δ rad50Δ pku70Δ triple mutant the G-rich strand overhang 
is restored again. Maybe surprisingly, the nuclease dead rad32-D25A mutation in 
combination with taz1Δ still possesses G-rich overhangs. These data suggest that the 
nuclease activity responsible for C-rich strand resection is dependent on but not 
provided by the MRN complex [86]. Tomita et al. [87] identified the nuclease Dna2 as 
being responsible for the generation of G-rich overhangs in taz1Δ as well as in WT 
cells: at semi-permissive temperature the dna2-C2 mutant shows reduced G-rich 
overhang. Dna2 was localised at the telomeres using chromatin IP and the mutant shows 
reduced telomere length at semi-permissive temperature [87]. These data lead to a 
model in which the MRN complex recruits and/or regulates the Dna2 nuclease activity 
to create G-rich strand overhangs. The MRN complex enables Dna2 to resect the C-rich 
DNA strand when the Pku70/Pku80 heterodimer is present, but is not needed in the 
absence of Pku70/Pku80. Creation of the G-rich strand overhang allows the loading of 
Trt1 and therefore elongation of the telomeres [87]. As Dna2 binds to RPA in S. 
cerevisiae, which binds to telomeric DNA in both S. cerevisiae and S. pombe, it was 
proposed that Dna2 might be involved in the loading of the telomerase complex onto the 
telomere [64, 87]. This might also explain the shortened telomeres in rad11-D223Y, a 
mutant in the large subunit of RPA in S. pombe [64]. 
Shortened telomere length has also been reported in rhp51Δ [99]. The role of Rhp51 in 
telomere length maintenance in cells that are otherwise proficient for telomere 
elongation pathways is not fully understood. It is possible that the shortened telomeres 
in rhp51Δ cells are related to problems in genomic DNA replication or alternatively it 
might suggest that recombination between telomeres also contributes to telomere 
elongation independent of other telomerase elongation pathways (reviewed in [83]). 
The action and interplay of both HR and NHEJ factors on the telomere is highly 
complex. Overall, these data suggest that rather than hiding the chromosome ends from 
HR and NHEJ pathways, the telomeres strictly regulate and modify these repair 
pathways to prevent treatment of the chromosome ends as “ordinary” DSBs that need 
repair. 
Single strand annealing
When a DSB is formed between two (nearly) homologous repeats, it can be repaired by 
an error prone pathway called Single Strand Annealing (SSA), resulting in the deletion 
of the sequence between the homologous sequences flanking the DSB. SSA has first 
been discovered in mammalian cells but has most extensively been studied in S. 
cerevisiae (for review see [69]). SSA starts with the resection of the DSB ends by an 
exonuclease which produces long single stranded DNA overhangs. When two 
complementary (homologous) sequences are exposed, they can anneal, leaving long 
single stranded non-homologous DNA flaps. Removal of these flaps is dependent on the 
Rad1/Rad10 flap endonucleases (that are also involved in nucleotide excision repair). 
SSA is independent of Rad51. When a DSB is formed between two homologous repeats, 
SSA is the predominant repair pathway. SSA is very efficient in S. cerevisiae when the 
homologous sequences are separated by at least 400 bp (and up to 15 kb), but is 
inefficient when the sequences are separated by only 60 bp (reviewed in [69]). 
Information available on the role of SSA in S. pombe is limited. Using a system where 
two ade6 alleles were separated by a region of unique DNA containing a recognition 
site for the HO endonuclease, Osman et al. [65] found that expression of the HO 
endonuclease resulted in loss of the unique region and restoration of the ade6 ORF. As 
the cut in unique DNA precludes HR (when both sister chromatids are cut in G2) they 
concluded that these events most likely represent SSA. Werler and Carr (personal 
communication) designed a similar system in S. pombe where two partial LEU2 genes 
are separated by a 12 kb region containing a ura4 gene with an HO recognition site. 
They were able to show that induction of the HO-endonuclease leads to a high 
frequency of ura4 marker loss associated with the creation of a functional LEU2 gene. 
These events were dependent on rad16 and swi10 (homologues of S. cerevisiae rad1 
and rad10 genes) and rad22, but not dependent on rhp51, suggesting that these events 
represent SSA. 
It is worth noting that SSA annealing has mainly been studied in artificial constructs, 
and its relative contribution to DSB repair in both S. cerevisiae and S. pombe remains 
unknown. However, the fact that S. cerevisiae rad1 and rad10 mutations show no X-ray 
sensitivity [55], and a S. pombe swi10 (rad10 homologue) mutant is only very slightly 
sensitive to γ irradiation [73] suggests that SSA does not play an important role in the 
natural response of these organisms to DSBs.
DSB repair pathway choice and prevalence
DSBs can be repaired through NHEJ, HR and SSA. NHEJ is a major repair pathway in 
mammalian cells and leads to significant sensitivity to ionising radiation when 
disrupted. S. pombe spends most of its time in G2, during which a sister chromatid is 
available as a repair template. HR is the dominant repair pathway in asynchronously 
dividing S. pombe cells, and deletions of HR genes show a high sensitivity to DNA 
damaging agents, whereas pku70Δ and lig4Δ show no sensitivity [51]. As S. pombe is a 
haploid organism, no repair template is available in G1, and therefore HR is not possible 
in G1. Using a system in which a DSB can be induced in (both sister chromatids of) a 
non-essential minichromosome, Prudden et al. [71] showed that the majority of the 
breaks is repaired by HR (gene conversion) with the homologous chromosome. 
Surprisingly, deletion of pku70 led to a decrease of minichromosome loss. Gene 
conversion levels were not increased in this background, but were dependent on Rhp51. 
Loss of Pku70 was also associated with an increase of DSB-induced chromosomal 
rearrangements. These data suggest that NHEJ and HR might compete with each other 
for DSB repair [71]. Tomita et al., [86] reported that pku70Δ rescues the sensitivity to 
MMS of rad50Δ and that this rescue is dependent on the presence of Exo1. This 
suggests that in the absence of the MRN complex Pku70 inhibits DSB end processing 
(and probably the repair of the DSB by HR) by Exo1. Two studies suggest that HR and 
NHEJ are regulated in a cell cycle dependent manner. Ferreira and Cooper [29] showed 
that NHEJ and HR are reciprocally regulated in S. pombe G1 and G2 cells. In G1 
arrested cells NHEJ is 7 to 10 times more efficient than in asynchronously dividing 
cells, and ku70Δ cells show significant sensitivity to γ-irradiation. Caspari et al. [14] 
characterised a temperature sensitive mutation in cyclin B (cdc13-245) that confers 
sensitivity to ionising radiation. They showed that this mutation reduces Cdc2 kinase 
activity and Rad51 foci formation in response to ionising radiation and proposed a 
model in which CDK activity positively regulates an early step in HR. 
Outlook
The characterisation of HR in S. cerevisiae meiosis has provided important information 
about the mechanisms of HR. However, it has become clear in recent years that the 
recombination model(s) resulting from these studies are only partially applicable to HR 
in mitotic cells, where HR is accomplished through as yet poorly characterised 
mechanisms that prevent crossover formation. Although many HR proteins have been 
identified and characterised in S. pombe, the mechanisms that are utilised for HR in 
mitotic or in meiotic cells remain obscure. A number of systems/methodologies have 
now been developed that allow a more detailed study of HR in S. pombe meiosis (e.g. 
see [16, 103, 77], mitosis [71], replication [46, 3] and SSA (Werler and Carr, personal 
communication) and hopefully will allow the physical detection of recombination 
intermediates in the future, contributing to our understanding of HR mechanisms and 
choice and interplay between different HR pathways in S. pombe mitosis and meiosis.
Acknowledgements
We thank Petra Werler, Tony Carr, Pierre Hentges and Aidan Doherty for 
communication of unpublished results. We apologise to colleagues whose work was not 
cited due to restrictions in scope and space. E. Hartsuiker is supported by Cancer 
Research UK, Cancer Research UK grant C20600/A6620.
References
1. Ahmad F, Kaplan CD, Stewart E. 2002. Helicase activity is only partially required for 
Schizosaccharomyces pombe Rqh1p function. Yeast. 19:1381-98. 
2. Ahmad F, Stewart E. 2005. The N-terminal region of the Schizosaccharomyces 
pombe RecQ helicase, Rqh1p, physically interacts with Topoisomerase III and is 
required for Rqh1p function. Mol Genet Genomics. 273:102-14.
3. Ahn JS, Osman F, Whitby MC. 2005. Replication fork blockage by RTS1 at an 
ectopic site promotes recombination in fission yeast. EMBO J. 24:2011-23.
4. Ahnesorg P, Smith P, Jackson SP. 2006. XLF interacts with the XRCC4-DNA ligase 
IV complex to promote DNA nonhomologous end-joining. Cell. 124:301-13. 
5. Akamatsu Y, Dziadkowiec D, Ikeguchi M, Shinagawa H, Iwasaki H. 2003. Two 
different Swi5-containing protein complexes are involved in mating-type switching and 
recombination repair in fission yeast. Proc Natl Acad Sci U S A. 100:15770-5. 
6. Assenmacher N, Hopfner KP. 2004. MRE11/RAD50/NBS1: complex activities. 
Chromosoma. 113:157-66
7. Baumann P, Cech TR. 2000. Protection of telomeres by the Ku protein in fission 
yeast. Mol Biol Cell. 11:3265-75. 
8. Boddy MN, Lopez-Girona A, Shanahan P, Interthal H, Heyer WD, Russell P. 2000. 
Damage tolerance protein Mus81 associates with the FHA1 domain of checkpoint 
kinase Cds1. Mol Cell Biol. 20:8758-66. 
9. Boddy MN, Gaillard PH, McDonald WH, Shanahan P, Yates JR 3rd, Russell P. 2001. 
Mus81-Eme1 are essential components of a Holliday junction resolvase. Cell. 107:537-
48. 
10. Bonatto D, Brendel M, Henriques JA. 2005. In silico identification and analysis of 
new Artemis/Artemis-like sequences from fungal and metazoan species. Protein J. 
24:399-411. 
11. Bransteitter R, Sneeden JL, Allen S, Pham P, Goodman MF. 2006. First AID 
(Activation-induced Cytidine Deaminase) Is Needed to Produce High Affinity Isotype-
switched Antibodies. J Biol Chem. 281:16833-6. 
12. Buck D, Malivert L, de Chasseval R, Barraud A, Fondaneche MC, Sanal O, Plebani 
A, Stephan JL, Hufnagel M, le Deist F, Fischer A, Durandy A, de Villartay JP, Revy P. 
2006. Cernunnos, a novel nonhomologous end-joining factor, is mutated in human 
immunodeficiency with microcephaly. Cell. 124:287-99. 
13. Callebaut I, Malivert L, Fischer A, Mornon JP, Revy P, de Villartay JP. 2006. 
Cernunnos interacts with the XRCC4.DNA-ligase IV complex and is homologous to the 
yeast nonhomologous end-joining factor Nej1. J Biol Chem. 281:13857-60. 
14. Caspari T, Murray JM, Carr AM. 2002. Cdc2-cyclin B kinase activity links Crb2 and 
Rqh1-topoisomerase III. Genes Dev. 16:1195-208. 
15. Catlett MG, Forsburg SL. 2003. Schizosaccharomyces pombe Rdh54 (TID1) acts 
with Rhp54 (RAD54) to repair meiotic double-strand breaks. Mol Biol Cell. 14:4707-
20.
16. Cervantes MD, Farah JA, Smith GR. 2000. Meiotic DNA breaks associated with 
recombination in S. pombe.Mol Cell. 5:883-8. 
17. Chahwan C, Nakamura TM, Sivakumar S, Russell P, Rhind N. 2003. The fission 
yeast Rad32 (Mre11)-Rad50-Nbs1 complex is required for the S-phase DNA damage 
checkpoint. Mol Cell Biol. 23:6564-73. 
18. Cheok CF, Bachrati CZ, Chan KL, Ralf C, Wu L, Hickson ID. 2005. Roles of the 
Bloom's syndrome helicase in the maintenance of genome stability. Biochem Soc Trans. 
33:1456-9.
19. Connelly JC, de Leau ES, Leach DR. 2003. Nucleolytic processing of a protein-
bound DNA end by the E. coli SbcCD (MR) complex. DNA Repair 2:795-807. 
20. Cooper JP, Nimmo ER, Allshire RC, Cech TR. 1997. Regulation of telomere length 
and function by a Myb-domain protein in fission yeast. Nature. 385:744-7. 
21. Doe CL, Dixon J, Osman F, Whitby MC. 2000. Partial suppression of the fission 
yeast rqh1(-) phenotype by expression of a bacterial Holliday junction resolvase. EMBO 
J. 19:2751-62. 
22. Doe CL, Ahn JS, Dixon J, Whitby MC. 2002. Mus81-Eme1 and Rqh1 involvement 
in processing stalled and collapsed replication forks. J Biol Chem. 277:32753-9.
23. Doe CL, Whitby MC. 2004. The involvement of Srs2 in post-replication repair and 
homologous recombination in fission yeast. Nucleic Acids Res. 32:1480-91. 
24. Doe CL, Osman F, Dixon J, Whitby MC. 2004. DNA repair by a Rad22-Mus81-
dependent pathway that is independent of Rhp51. Nucleic Acids Res. 32:5570-81. 
25. Dudasova Z, Dudas A, Chovanec M. 2004. Non-homologous end-joining factors of 
Saccharomyces cerevisiae. FEMS Microbiol Rev. 28:581-601. 
26. Farah JA, Hartsuiker E, Mizuno K, Ohta K, Smith GR. 2002. A 160-bp palindrome 
is a Rad50.Rad32-dependent mitotic recombination hotspot in Schizosaccharomyces 
pombe. Genetics. 161:461-8. 
27. Farah JA, Cromie G, Steiner WW, Smith GR. 2005. A novel recombination pathway 
initiated by the Mre11/Rad50/Nbs1 complex eliminates palindromes during meiosis in 
Schizosaccharomyces pombe. Genetics. 169:1261-74. 
28. Ferreira MG, Cooper JP 2001. The fission yeast Taz1 protein protects chromosomes 
from Ku-dependent end-to-end fusions. Mol Cell. 7:55-63. 
29. Ferreira MG, Cooper JP. 2004. Two modes of DNA double-strand break repair are 
reciprocally regulated through the fission yeast cell cycle. Genes Dev. 18:2249-54. 
30. Fukushima K, Tanaka Y, Nabeshima K, Yoneki T, Tougan T, Tanaka S, Nojima H. 
2000. Dmc1 of Schizosaccharomyces pombe plays a role in meiotic recombination. 
Nucleic Acids Res. 28:2709-16. 
31. Gaillard PH, Noguchi E, Shanahan P, Russell P. 2003. The endogenous Mus81-
Eme1 complex resolves Holliday junctions by a nick and counternick mechanism. Mol 
Cell. 12:747-59. 
32. Goedecke W, Pfeiffer P, Vielmetter W. 1994. Nonhomologous DNA end joining in 
Schizosaccharomyces pombe efficiently eliminates DNA double-strand-breaks from 
haploid sequences. Nucleic Acids Res. 22:2094-101. 
33. Goodwin A, Wang SW, Toda T, Norbury C, Hickson ID. 1999. Topoisomerase III is 
essential for accurate nuclear division in Schizosaccharomyces pombe. Nucleic Acids 
Res. 27:4050-8. 
34. Grishchuk AL, Kohli J. 2003. Five RecA-like proteins of Schizosaccharomyces 
pombe are involved in meiotic recombination. Genetics. 165:1031-43. 
35. Haber JE. 1999. DNA recombination: the replication connection. Trends Biochem 
Sci. 24:271-5. 
36. Hartsuiker E, Vaessen E, Carr AM, Kohli J. 2001. Fission yeast Rad50 stimulates 
sister chromatid recombination and links cohesion with repair. EMBO J. 20:6660-71. 
37. Hefferin ML, Tomkinson AE. 2005. Mechanism of DNA double-strand break repair 
by non-homologous end joining. DNA Repair 4:639-48.
38. Jang YK, Jin YH, Kim EM, Fabre F, Hong SH, Park SD. 1994. Cloning and 
sequence analysis of rhp51+, a Schizosaccharomyces pombe homolog of the 
Saccharomyces cerevisiae RAD51 gene. Gene. 142:207-11. 
39. Jung D, Giallourakis C, Mostoslavsky R, Alt FW. 2006. Mechanism and control of 
V(D)J recombination at the immunoglobulin heavy chain locus. Annu Rev Immunol. 
24:541-70. 
40. Khasanov FK, Savchenko GV, Bashkirova EV, Korolev VG, Heyer WD, Bashkirov 
VI 1999. A new recombinational DNA repair gene from Schizosaccharomyces pombe 
with homology to Escherichia coli RecA. Genetics. 152:1557-72. 
41. Khasanov FK, Salakhova AF, Chepurnaja OV, Korolev VG, Bashkirov VI. 2004. 
Identification and characterization of the rlp1+, the novel Rad51 paralog in the fission 
yeast Schizosaccharomyces pombe. DNA Repair 3:1363-74. 
42. Kibe T, Tomita K, Matsuura A, Izawa D, Kodaira T, Ushimaru T, Uritani M, Ueno 
M. 2003. Fission yeast Rhp51 is required for the maintenance of telomere structure in 
the absence of the Ku heterodimer. Nucleic Acids Res. 31:5054-63. 
43. Kim WJ, Lee S, Park MS, Jang YK, Kim JB, Park SD. 2000. Rad22 protein, a rad52 
homologue in Schizosaccharomyces pombe, binds to DNA double-strand breaks. J Biol 
Chem. 275:35607-11. 
44. Kim WJ, Park EJ, Lee H, Seong RH, Park SD. 2002. Physical interaction between 
recombinational proteins Rhp51 and Rad22 in Schizosaccharomyces pombe. J Biol 
Chem. 277:30264-70.
45. Krogh BO, Symington LS. 2004. Recombination proteins in yeast. Annu Rev Genet. 
38:233-71.
46. Lambert S, Watson A, Sheedy DM, Martin B, Carr AM. 2005. Gross chromosomal 
rearrangements and elevated recombination at an inducible site-specific replication fork 
barrier. Cell. 121:689-702.
47. Laursen LV, Ampatzidou E, Andersen AH, Murray JM. 2003. Role for the fission 
yeast RecQ helicase in DNA repair in G2. Mol Cell Biol. 23:3692-705. 
48. Macris MA, Sung P. 2005. Multifaceted role of the Saccharomyces cerevisiae Srs2 
helicase in homologous recombination regulation. Biochem Soc Trans. 33:1447-50. 
49. Maftahi M, Han CS, Langston LD, Hope JC, Zigouras N, Freyer GA. 1999. The 
top3(+) gene is essential in Schizosaccharomyces pombe and the lethality associated 
with its loss is caused by Rad12 helicase activity. Nucleic Acids Res. 27:4715-24. 
50. Maftahi M, Hope JC, Delgado-Cruzata L, Han CS, Freyer GA. 2002. The severe 
slow growth of Deltasrs2 Deltarqh1 in Schizosaccharomyces pombe is suppressed by 
loss of recombination and checkpoint genes. Nucleic Acids Res. 30:4781-92. 
51. Manolis KG, Nimmo ER, Hartsuiker E, Carr AM, Jeggo PA, Allshire RC. 2001. 
Novel functional requirements for non-homologous DNA end joining in 
Schizosaccharomyces pombe. EMBO J. 20:210-21. 
52. Marchetti MA, Kumar S, Hartsuiker E, Maftahi M, Carr AM, Freyer GA, Burhans 
WC, Huberman JA. 2002. A single unbranched S-phase DNA damage and replication 
fork blockage checkpoint pathway. Proc Natl Acad Sci U S A. 99:7472-7. 
53. Martin V, Chahwan C, Gao H, Blais V, Wohlschlegel J, Yates JR 3rd, McGowan CH, 
Russell P. 2006. Sws1 is a conserved regulator of homologous recombination in 
eukaryotic cells. EMBO J. 25:2564-74
54. McGlynn P, Lloyd RG. 2002. Recombinational repair and restart of damaged 
replication forks. Nat Rev Mol Cell Biol. 3:859-70
55. Moore CW. 1978. Responses of radiation-sensitive mutants of Saccharomyces 
cerevisiae to lethal effects of bleomycin. Mutat Res. 51:165-80. 
56. Morishita T, Furukawa F, Sakaguchi C, Toda T, Carr AM, Iwasaki H, Shinagawa H. 
2005. Role of the Schizosaccharomyces pombe F-Box DNA helicase in processing 
recombination intermediates. Mol Cell Biol. 25:8074-83. 
57. Muris DF, Vreeken K, Carr AM, Broughton BC, Lehmann AR, Lohman PH, Pastink 
A. 1993. Cloning the RAD51 homologue of Schizosaccharomyces pombe. Nucleic 
Acids Res. 21:4586-91. 
58. Muris DF, Vreeken K, Carr AM, Murray JM, Smit C, Lohman PH, Pastink A. 1996. 
Isolation of the Schizosaccharomyces pombe RAD54 homologue, rhp54+, a gene 
involved in the repair of radiation damage and replication fidelity. J Cell Sci. 109:73-81. 
59. Muris DF, Vreeken K, Schmidt H, Ostermann K, Clever B, Lohman PH, Pastink A. 
1997. Homologous recombination in the fission yeast Schizosaccharomyces pombe: 
different requirements for the rhp51+, rhp54+ and rad22+ genes. Curr Genet. 31:248-
54. 
60. Murray JM, Lindsay HD, Munday CA, Carr AM. 1997. Role of 
Schizosaccharomyces pombe RecQ homolog, recombination, and checkpoint genes in 
UV damage tolerance. Mol Cell Biol. 17:6868-75. 
61. Nakada D, Matsumoto K, Sugimoto K. 2003. ATM-related Tel1 associates with 
double-strand breaks through an Xrs2-dependent mechanism. Genes Dev. 17:1957-62. 
62. Nakamura TM, Cooper JP, Cech TR. 1998. Two modes of survival of fission yeast 
without telomerase. Science. 282:493-6. 
63. Oakley TJ, Goodwin A, Chakraverty RK, Hickson ID. 2002. Inactivation of 
homologous recombination suppresses defects in topoisomerase III-deficient mutants. 
DNA Repair 1:463-82. 
64. Ono Y, Tomita K, Matsuura A, Nakagawa T, Masukata H, Uritani M, Ushimaru T, 
Ueno M. 2003. A novel allele of fission yeast rad11 that causes defects in DNA repair 
and telomere length regulation. Nucleic Acids Res. 31:7141-9. 
65. Osman F, Fortunato EA, Subramani S. 1996. Double-strand break-induced mitotic 
intrachromosomal recombination in the fission yeast Schizosaccharomyces pombe. 
Genetics.  142:341-57. 
66. Osman F, Dixon J, Doe CL, Whitby MC. 2003. Generating crossovers by resolution 
of nicked Holliday junctions: a role for Mus81-Eme1 in meiosis. Mol Cell. 12:761-74. 
67. Osman F, Dixon J, Barr AR, Whitby MC. 2005. The F-Box DNA helicase Fbh1 
prevents Rhp51-dependent recombination without mediator proteins. Mol Cell Biol. 
25:8084-96. 
68. Ostermann K, Lorentz A, Schmidt H. 1993. The fission yeast rad22 gene, having a 
function in mating-type switching and repair of DNA damages, encodes a protein 
homolog to Rad52 of Saccharomyces cerevisiae. Nucleic Acids Res. 21:5940-4. 
69. Paques F, Haber JE. 1999. Multiple pathways of recombination induced by double-
strand breaks in Saccharomyces cerevisiae. Microbiol Mol Biol Rev. 63:349-404.
70. Parker AE, Clyne RK, Carr AM, Kelly TJ. 1997. The Schizosaccharomyces pombe 
rad11+ gene encodes the large subunit of replication protein A. Mol Cell Biol. 17:2381-
90. 
71. Prudden J, Evans JS, Hussey SP, Deans B, O'Neill P, Thacker J, Humphrey T. 2003. 
Pathway utilization in response to a site-specific DNA double-strand break in fission 
yeast. EMBO J. 22:1419-30. 
72. Sauvageau S, Stasiak AZ, Banville I, Ploquin M, Stasiak A, Masson JY. 2005. 
Fission yeast rad51 and dmc1, two efficient DNA recombinases forming helical 
nucleoprotein filaments. Mol Cell Biol. 25:4377-87. 
73. Schmidt H, Kapitza-Fecke P, Stephen ER, Gutz H. 1989. Some of the swi genes of 
Schizosaccharomyces pombe also have a function in the repair of radiation damage. 
Curr Genet. 16:89-94.
74. Segurado M, Gomez M, Antequera F. 2002. Increased recombination intermediates 
and homologous integration hot spots at DNA replication origins. Mol Cell. 10:907-16. 
75. Shinohara A, Ogawa H, Matsuda Y, Ushio N, Ikeo K, Ogawa T. 1993. Cloning of 
human, mouse and fission yeast recombination genes homologous to RAD51 and recA. 
Nat Genet. 4:239-43. 
76. Smith GR, Boddy MN, Shanahan P, Russell P. 2003. Fission yeast Mus81.Eme1 
Holliday junction resolvase is required for meiotic crossing over but not for gene 
conversion. Genetics 165:2289-93. 
77. Steiner WW, Schreckhise RW, Smith GR. 2002. Meiotic DNA breaks at the S. 
pombe recombination hot spot M26. Mol Cell. 9:847-55. 
78. Stewart E, Chapman CR, Al-Khodairy F, Carr AM, Enoch T. 1997. rqh1+, a fission 
yeast gene related to the Bloom's and Werner's syndrome genes, is required for 
reversible S phase arrest. EMBO J. 16:2682-92. 
79. Sung P, Krejci L, Van Komen S, Sehorn MG. 2003. Rad51 recombinase and 
recombination mediators. J Biol Chem. 278:42729-32. 
80. Suto K, Nagata A, Murakami H, Okayama H. 1999. A double-strand break repair 
component is essential for S phase completion in fission yeast cell cycling. Mol Biol 
Cell. 10:3331-43. 
81. Szankasi P, Smith GR. 1995. A role for exonuclease I from S. pombe in mutation 
avoidance and mismatch correction. Science. 267:1166-9. 
82. Szostak JW, Orr-Weaver TL, Rothstein RJ, Stahl FW. 1983. The double-strand-
break repair model for recombination. Cell. 33:25-35.
83. Tarsounas M, West SC. 2005. Recombination at mammalian telomeres: an 
alternative mechanism for telomere protection and elongation. Cell Cycle. 4:672-4.
84. Tavassoli M, Shayeghi M, Nasim A, Watts FZ. 1995. Cloning and characterisation 
of the Schizosaccharomyces pombe rad32 gene: a gene required for repair of double 
strand breaks and recombination. Nucleic Acids Res. 23:383-8. 
85. Thacker J. 2005. The RAD51 gene family, genetic instability and cancer. Cancer 
Lett. 10;219(2):125-35. 
86. Tomita K, Matsuura A, Caspari T, Carr AM, Akamatsu Y, Iwasaki H, Mizuno K, 
Ohta K, Uritani M, Ushimaru T, Yoshinaga K, Ueno M. 2003. Competition between the 
Rad50 complex and the Ku heterodimer reveals a role for Exo1 in processing double-
strand breaks but not telomeres. Mol Cell Biol. 23:5186-97. 
87. Tomita K, Kibe T, Kang HY, Seo YS, Uritani M, Ushimaru T, Ueno M. 2004. 
Fission yeast Dna2 is required for generation of the telomeric single-strand overhang. 
Mol Cell Biol. 24:9557-67. 
88. Tsutsui Y, Morishita T, Iwasaki H, Toh H, Shinagawa H. 2000. A recombination 
repair gene of Schizosaccharomyces pombe, rhp57, is a functional homolog of the 
Saccharomyces cerevisiae RAD57 gene and is phylogenetically related to the human 
XRCC3 gene. Genetics. 154:1451-61. 
89. Tsutsui Y, Khasanov FK, Shinagawa H, Iwasaki H, Bashkirov VI. 2001. Multiple 
interactions among the components of the recombinational DNA repair system in 
Schizosaccharomyces pombe. Genetics. 159:91-105. 
90. Ueno M, Nakazaki T, Akamatsu Y, Watanabe K, Tomita K, Lindsay HD, Shinagawa 
H, Iwasaki H. 2003. Molecular characterization of the Schizosaccharomyces pombe 
nbs1+ gene involved in DNA repair and telomere maintenance. Mol Cell Biol. 23:6553-
63. 
91. van den Bosch M, Vreeken K, Zonneveld JB, Brandsma JA, Lombaerts M, Murray 
JM, Lohman PH, Pastink A. 2001. Characterization of RAD52 homologs in the fission 
yeast Schizosaccharomyces pombe. Mutat Res. 461:311-23.
92. van den Bosch M, Zonneveld JB, Vreeken K, de Vries FA, Lohman PH, Pastink A. 
2002. Differential expression and requirements for Schizosaccharomyces pombe 
RAD52 homologs in DNA repair and recombination. Nucleic Acids Res. 30:1316-24. 
93. Virgin JB, Bailey JP. 1998. The M26 hotspot of Schizosaccharomyces pombe 
stimulates meiotic ectopic recombination and chromosomal rearrangements. Genetics. 
149:1191-204. 
94. Virgin JB, Bailey JP, Hasteh F, Neville J, Cole A, Tromp G. 2001. Crossing over is 
rarely associated with mitotic intragenic recombination in Schizosaccharomyces pombe. 
Genetics. 157:63-77. 
95. Wang SW, Goodwin A, Hickson ID, Norbury CJ. 2001. Involvement of 
Schizosaccharomyces pombe Srs2 in cellular responses to DNA damage. Nucleic Acids 
Res. 29:2963-72. 
96. Weterings E, van Gent DC. 2004. The mechanism of non-homologous end-joining: a 
synopsis of synapsis. DNA Repair 3:1425-35. 
97. Whitby MC, Osman F, Dixon J. 2003. Cleavage of model replication forks by 
fission yeast Mus81-Eme1 and budding yeast Mus81-Mms4. J Biol Chem. 278:6928-
35. 
98. Whitby MC. 2005. Making crossovers during meiosis. Biochem Soc Trans. 
33:1451-5. 
99. Wilson S, Warr N, Taylor DL, Watts FZ. 1999. The role of Schizosaccharomyces 
pombe Rad32, the Mre11 homologue, and other DNA damage response proteins in non-
homologous end joining and telomere length maintenance. Nucleic Acids Res. 27:2655-
61. 
100. Win TZ, Goodwin A, Hickson ID, Norbury CJ, Wang SW. 2004. Requirement for 
Schizosaccharomyces pombe Top3 in the maintenance of chromosome integrity. J Cell 
Sci. 117:4769-78.
101. Win TZ, Mankouri HW, Hickson ID, Wang SW. 2005. A role for the fission yeast 
Rqh1 helicase in chromosome segregation. J Cell Sci. 118:5777-84.
102. You Z, Chahwan C, Bailis J, Hunter T, Russell P. 2005. ATM activation and its 
recruitment to damaged DNA require binding to the C terminus of Nbs1. Mol Cell Biol. 
25:5363-79. 
103. Young JA, Schreckhise RW, Steiner WW, Smith GR. 2002. Meiotic recombination 
remote from prominent DNA break sites in S. pombe. Mol Cell. 9:253-63. 







Rad32/Rad50/Nbs1
Exo1
Rad11 Rhp55/Rhp57
Rad22 Rlp1/Rdl1
Rhp51 Swi5/Sfr1
Rhp54
Mus81?
5'-3' resection
Strand invasion
D-loop formation
DNA synthesis
D-loop extension
2nd end capture
Ligation
Double HJ formation
HJ resolution
Extended degradation
Exposure of homology
Annealing of
complementary
ssDNA
Removal of DNA
overhangs
Ligation
Rad52
Rad16/Swi10
DNA synthesis
D-loop extension
Displacement and re-
annealing of 
resynthesised DNA
Ligation
Cleavage of 
junction
DNA synthesis
2nd end capture
Cleavage of 
junction
Mus81
Mus81
SDSA
no crossover
DSBR
crossover/non-crossover
Mus81 dependent
crossover
SSA
